Aim Biogeographically puzzling taxa represent an opportunity to understand the processes that have shaped current species distributions. The systematic placement and biogeographical history of Elkalyce cogina, a small lycaenid butterfly endemic to Brazil and neighbouring Argentina, are long-standing puzzles. We use molecular tools and novel biogeographical and life history data to clarify the taxonomy and distribution of this butterfly.
INTRODUCTION
Intriguing disjunct distributions that apparently formed after the break-up of Gondwana are found within many butterfly families as the result of a complex biogeographical history of colonization and extinction events (de Jong & van Actherberg, 2007; Peña et al., 2010) . The Lycaenidae also include notable disjunct distributions that are generally only attributable to long-distance dispersal events, including examples in the Spalgini, Lycaenini, Heliphorini and Polyommatini (de Jong & van Actherberg, 2007; Vila et al., 2011) . The study of the affinities and origins of these taxa is crucial to understanding the processes that led to the observed patterns of species distribution and diversification world-wide.
With over 1200 species distributed world-wide, the tribe Polyommatini is one of the two richest lycaenid clades, alongside the Neotropical/Holarctic-distributed Eumaeini (Eliot, 1973) . These two tribes represent the only Lycaenidae groups with important South American radiations, but their current biogeographical patterns are strikingly different: whereas most Eumaeini diversity occurs in the Neotropics, the Polyommatini are most species-rich in the Holarctic region.
Within the Polyommatini, a complex scenario of independent New World colonization events was hypothesized by Nabokov (1944 Nabokov ( , 1945 in the 1940s and recently corroborated by Vila et al. (2011) , who showed that at least five colonization events from the Old World to the New World occurred between c. 11 and 1 Ma, apparently always through Beringia (the region surrounding the Bering strait). This scenario was postulated and evaluated for the richest subtribe, Polyommatina, but other subtribes, like Leptotina, Everina, Glauchospsychina and Brephidiina, also have representatives both in the Old World and the New World.
Such complex biogeographical histories can only be unravelled by means of a reliable and abundant fossil record or inferred from well-founded phylogenies. For butterflies, although the fossil record is extremely poor (de Jong, 2007) , knowledge of their phylogenetic relationships is improving, resulting in novel insights into long-standing biogeographical questions. Following the seminal taxonomic revision by Eliot (1973) , the higher level systematics of Polyommatini have recently been improved using molecular phylogenies (Wiemers et al., 2010; Vila et al., 2011; Talavera et al., 2013) . Some enigmatic taxa remain dubiously placed at the tribal and subtribal levels, however, as is the case for the Neotropical species Elkalyce cogina (Schaus, 1902) , which is restricted to Brazil and Misiones province in northern Argentina. The species was originally described within the genus Lycaena by Schaus (1902) , but because no close relatives were attributable based on morphology, the monotypic genus Elkalyce B alint & Johnson, 1996 was erected, thought to be sister to Oreolyce and so belonging to the Lycaenopsis section (equivalent to the subtribe Lycaenopsina) within Polyommatinae (B alint & Johnson, 1996) . More recently, Robbins & Duarte (2006) suggested that Elkalyce cogina could be related to Tongeia in the Everes section (subtribe Everina), also within Polyommatinae, supporting an earlier unpublished hypothesis of Heinz Ebert and John H. Eliot (see comments in Brown, 1993; Robbins & Duarte, 2006) . In both hypotheses, the putative sister groups of E. cogina are exclusively distributed in Asia, and therefore this taxon seems to represent a South American endemic lycaenid whose closest relatives occur in the Old World.
In this study, we present a detailed molecular phylogeny of Polyommatini including E. cogina and thus provide evidence about its systematic placement within the tribe. By inferring divergence times and ancestral geographical range, we estimate the time of colonization of the New World by this lineage, and we explore how diversification patterns within the group can elucidate the unique biogeographical and evolutionary history of E. cogina.
MATERIALS AND METHODS

Distribution and life history data
Specimens of E. cogina were studied and collected in the field at three localities in São Paulo state (SP), south-eastern Brazil: (1) Serra do Japi, Jundia ı (23°13 0 S, 46°58 0 W, 900-1200 m), (2) Grota Funda, Atibaia (23°10 0 S, 46°31 0 W, 1050-1100 m), and (3) Alto do Capivari, Campos do Jordão (22°44 0 S, 45°31 0 W, 1600-1800 m). Locality data for E. cogina were compiled from the list presented in Robbins & Duarte (2006) ; additional data were also obtained from specimens recently collected by the authors and deposited in the Zoological Collection of Campinas State University, and from the personal communication of Ezequiel N uñez-Bustos (Museo Argentino de Ciencias Naturales 'Bernardino Rivadavia', Buenos Aires, Argentina). A map of the updated distribution of E. cogina is presented in Fig. 1 .
Taxon sampling and molecular data
A large collection of 75 Polyommatini samples was used, including at least one representative of each described subtribe or section sensu Eliot (1973) . Most of the data set was gathered from our previous studies (Vila et al., 2011; Talavera et al., 2013) , from which multilocus sequences were available. An additional specimen of Elkalyce cogina was collected from Petr opolis (Brazil) and taxon sampling for the target subtribes Everina, Lycaenopsina and Polyommatina was strengthened with additional taxa. (see Table S1 in Appendix S1 in Supporting Information for a list of specimens used in this study.) The samples (bodies in ethanol and wings in glassine envelopes) are stored in the DNA and Tissues Collection of the Museum of Comparative Zoology (Harvard University, Cambridge, MA, USA) and of the Institut de Biologia Evolutiva (Barcelona, Spain). Genomic DNA was extracted from a leg or from a piece of the abdomen using the DNeasy Tissue Kit (Qiagen, Valencia, CA, USA) following the manufacturer's protocols. Fragments from three mitochondrial genes -cytochrome oxidase I (COI), leucine transfer RNA (leu-tRNA) and cytochrome oxidase II (COII) -and from four nuclear markers -elongation factor-1 alpha (EF-1a), 28S ribosome unit (28S), histone H3 (H3) and wingless (Wg) -were amplified by polymerase chain reaction and sequenced as described in Talavera et al. (2013) . (GenBank codes for the set of sequences used and obtained specifically for this study are listed in Table S2 of Appendix S1.)
Alignment, phylogenetic inference and dating A molecular matrix was generated for each independent marker, with the mitochondrial markers treated as a single evolutionary unit. All sequences were edited and aligned, together with those obtained in Vila et al. (2011) , using geneious 6.1.5 (Biomatters, Auckland, New Zealand; available at: http://www.geneious.com/). Ambiguously aligned regions and regions of the matrix lacking more than 50% of data were removed using gblocks 0.96 under a relaxed criterion with the following parameters: b2, 50% + 1 of the sequences; b3, 3; b4, 5; b5, all (Castresana, 2000; Talavera & Castresana, 2007) . The final combined alignment consisted of 4850 bp, comprising 2172 bp of COI + leu-tRNA + COII, 1172 bp of EF-1a, 811 bp of 28S, 370 bp of Wg, and 328 bp of H3 and is available in treebase at http://www.treebase.org/ (study ID 17438). Maximum likelihood (ML) and Bayesian inference (BI) were employed to estimate evolutionary relationships. ML was run using phyml 3.0 (Guindon et al., 2010) , and BI was employed to simultaneously infer phylogenetic relationships and divergence times with the software beast 1.8.0 (Drummond et al., 2012) . jModeltest 2.1.4 (Guindon & Gascuel, 2003; Darriba et al., 2012) was executed to select the best-fitting DNA substitution models according to the Akaike information criterion (AIC). For ML, the model GTR+I+G was selected for a single concatenated alignment. For BI, the data were partitioned into six markers, considering COI + leu-tRNA + COII a single evolutionary unit in the mitochondrial genome. As a result, the HKY+I+G model was used for H3, the TN+I+G model for Wg and a GTR+I+G model for EF-1a, 28S and the mitochondrial fragment. The gamma distribution was estimated automatically from the data using six rate categories. Because of the absence of reliable primary calibration points (fossils) for the Lycaenidae studied, normally distributed time to the most recent common ancestor (TMRCA) priors based on published age estimates were used as secondary calibrations on six well-supported nodes (posterior probability ≥ 0.95) to estimate divergence times (Fig. 2) . The 95% HPD distribution of these TMRCA priors included the maximum and minimum ages inferred in Vila et al. (2011) for the selected nodes. These inferences were based on the application of a wide range of substitution rates described for mitochondrial regions in invertebrates. For COI, a slow substitution rate of 6.5 9 10 À9 and a fast rate of 9.5 9 10 À9 (Quek et al., 2004) were used, and for COI + leu-tRNA + COII, a substitution rate of 11.5 9 10 À9 substitutions site À1 yr À1 (Brower, 1994) . Independent runs were combined in logcombiner 1.8.0, as implemented in beast, and all parameters were analysed using Tracer 1.5 to determine whether they had also reached stationarity. Tree topologies were assessed using treeannotator 1.8.0 in the beast package to generate a maximum-clade-credibility tree of all sampled trees with median node heights. figtree 1.4.0 (available at: http://beast.bio. ed.ac.uk/FigTree) was used to visualize the consensus tree along with node ages, age deviations and node posterior probabilities.
Diversification rates and ancestral geographical range inference
To investigate possible diversification-rate heterogeneity affecting the Polyommatina + Everina clade, and therefore the role of Elkalyce cogina, we used Bayesian analysis of macroevolutionary mixtures (bamm; Rabosky et al., 2013 Rabosky et al., , 2014a . The software was run on the beast maximum-credibility tree and non-random missing data were accounted for by assigning the proportion of the species sampled per genus. Four MCMC chains were run for 10 million generations with a burn-in of 10%. Convergence of chains was checked in coda (Plummer et al., 2006) and bamm results were analysed and visualized with the package bammtools (Rabosky et al., 2014b) in R 3.1.1 (R Core Team, 2014). A lineages-through-time (LTT) plot was calculated for the Polyommatina + Everina clade and contrasted with the diversification patterns of a data set of simulated trees. The R package treesim (Stadler, 2011) was used to simulate 100 trees by fixing the extant number of species per genus and the time since the most recent common ancestor (function 'sim.bd.taxa.age'). The speciation and extinction rates used in the simulations (k = 0.80, l = 0.40) were calculated through the extended version of the birth-death models (function 'bd.ext') in the ape package (Paradis et al., 2004) , which allows phylogenetic and taxonomic data for a given clade to be combined. Species richness for the genera was assigned according to Talavera et al. (2013) .
Ancestral geographical ranges were estimated in order to infer the most likely biogeographical origin for the Everina subtribe and so know the directions of the intercontinental dispersals that resulted in the current distributions. The likelihoods of the two hypotheses were assessed with the R package biogeobears 0.2.1 (Matzke, 2013a,b ) (see Table S3 in Appendix S1). For all analyses, 10 large-scale biogeographical regions and a dispersal multiplier matrix were coded as in Vila et al. (2011) . In order to avoid sampling effects, terminals were considered placeholders for the genera they represented and the distribution range of the genus was used (see Table S4 in Appendix S1). A test was performed for a dispersal-extinction-cladogenesis (DEC) model (Ree & Smith, 2008) , a maximum-likelihood version of the dispersal-vicariance model (DIVALIKE) (Ronquist, 1997 ) and a Bayesian biogeographical inference (BAYAREALIKE) (Landis et al., 2013) . The three models were also tested when allowing for founder-effect speciation (j) (Matzke, 2014) . The resulting models recovered the common ancestor of Everina and Polyommatina in several regions simultaneously, including both the Old World and the New World, a scenario that is biologically implausible. AIC scores and weights were used to detect the best-performing model (BAYAREALIKE), which was subsequently used to independently test each of the six favoured areas as a potential origin by fixing the root.
RESULTS
Distribution and life history
Published geographical distribution data and field observations show that E. cogina is associated with montane habitats, usually above 800 m (with the exception of the southernmost records in Argentina) (Fig. 1) . The species has usually been observed associated with open habitats, especially partly flooded montane swamps (as noted by Robbins & Duarte, 2006) , where other polyommatines such as Leptotes cassius, Hemiargus hanno and Zizula cyna are also common (although these three species have much broader geographical and elevational distributions). Adults are generally only found in particular localities, sometimes at great densities. For example, we observed about 20 individuals in a small swamp area of c. 100 m 2 in Serra do Japi (Jundia ı, SP), and more than 50 individuals in a 30-m sector of a trail through a swamp area in Campos do Jordão (SP). Adults of E. cogina are present all year round, although they are more common from January to April. They have a low, fluttering flight, usually 10-50 cm above ground, usually flying inside the vegetation or just above it. Adults were observed feeding from flowers of small Asteraceae, Fabaceae and Lamiaceae that were growing in the marshy areas. In Serra do Japi, one larva has been reared on inflorescences of Desmodium uncinatum (Fabaceae), but no oviposition behaviour has ever been observed. This represents the first host-plant record for E. cogina. Because no ants were recorded tending larvae at any of the studied sites, a low degree of myrmecophily or a non-myrmecophilous condition is assumed.
Phylogenetic systematics
ML and BI recovered phylogenetic trees displaying generally concordant topologies that are very similar to those previously published for Polyommatini (Vila et al., 2011; Talavera et al., 2013) for the supported nodes (Fig. 2, Fig. S1 in Appendix S1). Elkalyce cogina was recovered basally in the Everina subtribe with strong support (posterior probability, 1.0; bootstrap support, 100), and is thus most closely related to the Old World genera Tongeia, Talicada and Cupido. The inferred divergence times also generally matched previously published probability distributions, and the estimated divergence between E. cogina and the common ancestor of Everina was 10.17 Ma (95% highest posterior density interval, HPD, 7.69-12.86 Ma).
Diversification
Net diversification rates, as estimated by the bamm model, accelerated noticeably during the Palaearctic Polyommatina radiation (Fig. 3a) . The 95% HPD sampled by bamm comprised the ten most probable distinct shift configurations. The single best shift configuration in bamm inferred one increasing rate shift for the most diverse Palaearctic Polyommatina clade, with a probability of 0.52 (Fig. 3b) . The second-best configuration (f = 0.14) suggested an additional minor second shift in the form of a diversification decrease for the E. cogina lineage (Fig. 3c) . The diversification-through-time curve showed that diversification rates peaked between 7 and 4 Ma (Fig. 3d) . This strong signal can be attributed to the shift detected for Palaearctic Polyommatina; the peak disappeared when diversification rates in this clade were not considered (Fig. 3e) . The LTT plot showed an overall accumulation of lineages increasing fairly smoothly (Fig. 3f) . The curve displayed minor fluctuations in the cladogenesis through time that might result from clade diversification heterogeneity, but generally fitted within the margins of the simulated trees under a constant-rate model (Fig. 3f) . No strong shifts in diversification rate, either increases or decreases, were detected in the lineages colonizing the New World, and only Elkalyce displayed a marginally significant rate decrease. Indeed, Elkalyce was recovered as the oldest lineage with a single extant taxon in the Everina + Polyommatina tree (Fig. 3g) .
Ancestral geographical range
The BAYAREALIKE model (log-likelihood, LnL, À137.28; AIC, 278.4) was by far the best among all models tested with biogeobears, and the addition of founder-event speciation (j) parameters improved the results (LnL, À134.71; AIC, 275.4) (see Table S3 in Appendix S1). Among the six potential ancestral regions for the root of the tree, the Oriental region was strongly favoured (LnL, À142.96; AIC, 291.92), followed by the East Palaearctic region (LnL, À144.30; AIC, 294.60) (see Table S3 in Appendix S1). Thus, a dispersal event from Asia to the New World is recovered as the most likely hypothesis, although the exact route is uncertain.
DISCUSSION
The systematic position of Elkalyce cogina
Our results contradict the hypothesis of B alint & Johnson (1996) that Elkalyce cogina belongs to the subtribe Lycaenopsina (Lycaenopsis section). Rather, the present data and analyses support the close relationship to the Everina (Everes section) proposed by Robbins & Duarte (2006) Talavera et al., 2013; .) Concerning the position within the subtribe, our phylogeny shows Elkalyce to be the sister group to all the other Everina sampled (Fig. 2) , and thus this taxon is not 'sister to, or congeneric with, Tongeia' as suggested by Eliot (1988, unpublished letters to Robbins) as described in Robbins & Duarte (2006) . Interestingly, Robbins & Duarte (2006) expressed doubts regarding the homology of the male genital 'false alulae' because of slight differences in their position, which led them to be cautious about synonymizing Elkalyce with Tongeia. Although monotypic genera are sometimes considered of dubious classificatory value (Farris, 1976) , the phylogenetic position and age (cf. discussion of generic ages in Talavera et al., 2013) of Elkalyce support the acceptance of this genus.
Historical biogeography and diversification
Ancestral geographical range reconstruction indicates the most likely scenario to consist of the common ancestor of Everina + Polyommatina originating in the Old Worldprobably in the Oriental region or in the Eastern Palaearctic -followed by dispersal to the New World by the Elkalyce lineage (see Table S3 in Appendix S1). The centre of diversity for Everina is clearly Southeast Asia, as is the case for several other lycaenid groups. Indeed, all the genera except Elkalyce occur there, some of them (Bothrinia, Shijimia and Talicada) exclusively. The remarkable disjunction between Elkalyce and the other Everina taxa does not, however, represent the only example of a New World lycaenid whose closest relatives are in the Old World. Other notorious biogeographical disjunctions exist, including those of two species of Brephidium, apparently related to South African taxa in the same genus and in Oraidium, and Zizula cyna -the only other species of Zizula occurring in Africa, Southeast Asia and Australia (Robbins & Duarte, 2006; de Jong & van Actherberg, 2007) . Although debate about a Gondwanan vicariant or dispersal origin has been generated for other higher level butterfly taxa (e.g. de Jong, 2003; Hall et al., 2004; Braby et al., 2005; Kodandaramaiah & Wahlberg, 2007; Peña et al., 2010) , most cases in Lycaenidae are arguably too young to consider a Gondwanan vicariant-origin hypothesis. Vila et al. (2011) proposed that at least five colonization events from the Old World to the New World through Beringia occurred within the Polyommatina, the sister subtribe to Everina. The ancestor of Elkalyce might represent another case that occurred approximately 10 Ma, at a similar time to the ancestor of the current Neotropical Polyommatina (c. 10.7 Ma) and the ancestor of the Icaricia + Plebulina clade (c. 9.3 Ma). During this period, climatic conditions were warmer than at present and a land bridge existed in Beringia, which undoubtedly facilitated this dispersal route for presumably warm-adapted butterflies. The discovery that E. cogina feeds on Fabaceae, as was presumably also the case for the ancestors of the Neotropical Polyommatina and of the Icaricia + Plebulina clade (Vila et al., 2011) , helps explain their parallel biogeographical histories. In addition, this result strengthens the hypothesis that Fabaceae was the ancestral host-plant for both Polyommatina and Everina subtribes (see Fig. S7 in Vila et al., 2011) . Within the Everina, the genus Cupido includes two apparent sister species in the Nearctic -Cupido comyntas and Cupido amyntulathat are estimated to have colonized the New World less than 2 Ma, the estimated time of divergence between C. comyntas and the Palaearctic Cupido alcetas (Fig. 2) . Overall, at least seven Old World-to-New World colonization events have occurred within the Polyommatina + Everina clade (Fig. 4, Table 1 ).
Elkalyce (1)
Cupido (11) Cupido (8) Talicada (3) Tongeia (16) Freyeria (3) Plebejus (40) Patricius (7) Pamiria (7) Neolysandra (6) Polyommatus (183) Lysandra (15) Cyaniris (2) Rimisia (1) Agriades (19) Eumedonia (3) Plebejidea (2) Maurus (1) Aricia (15) Glabroculus (2) Alpherakya (5) Kretania (17) Afarsia (9) Rueckbeilia (2) Icaricia (7) Plebulina (1) Paralycaeides (3) Itylos (24) Pseudochrysops (1) Pseudolucia (46) Nabokovia (3) Eldoradina (2) Hemiargus (5) Cyclargus (7) Echinargus (1) Edales (9) Chilades ( It is generally understood that older lineages have had more time to accumulate species (McPeek & Brown, 2007) and an exponential correlation between time and number of species is expected if we assume a constant diversification rate. The number of species versus time of colonization approximates an exponential curve across the New World lineages, with the exception of Elkalyce (Fig. 4) . There is a particularly strong contrast between the successful Neotropical Polyommatina and the monotypic Elkalyce which, despite having similar ages, have resulted in c. 91 and 1 species in the Neotropics respectively. We cannot be certain that no undescribed species exist within Elkalyce; because there is no apparent bias in the intensity of research carried out in the different lineages of South American polyommatines, however, it seems unlikely that the documented contrast in richness is an artefact. This pattern shows that Elkalyce has diversified much less than most extant New World lineages.
Nevertheless, our bamm results show that the decrease in the diversification rate of the Elkalyce lineage is only marginally significant. This could be due to the generally low species richness of Everina and of the early divergent branches in Polyommatina. Moreover, other examples of old singletons exist in the Polyommatina, including the Neotropical Pseudochrysops bornoi [9.89 (7.97-11.88) Myr old]. Pseudochrysops is only found on Caribbean islands, and islands are well known for harbouring relict lineages. Elkalyce cogina is one of the few polyommatines that occur in eastern South America. Regardless of any factor that explains the low diversity in Elkalyce, the Neotropical Polyommatina, which are most diverse in western South America, may exhibit high species richness due to habitat heterogeneity and Andean orogenesis, as found for other Neotropical butterflies (see Wahlberg & Freitas, 2007; Elias et al., 2009) .
A significant increase in the diversification rates in Polyommatina was detected by bamm for the hyperdiverse Palaearctic genera. This clade is generally associated with mountainous habitats and arid conditions, similar to the Polyommatina in South America, which also display high relative species numbers. Polyommatina and Everina are both typical of open vegetation, with very few species occurring in forested habitats. This could in part explain why lineages such as Elkalyce or Pseudochrysops have not diversified: both are endemics of areas with a low diversity of open habitats, which could prevent diversification by vicariance in these two lineages. Therefore, even if the relict distribution of Elkalyce suggests extinction in the intervening areas after colonization and dispersal through the New World, the limited diversification observed for this lineage might also be a product of a low speciation rate. Although Elkalyce maintained the apparently ancestral host-plant family (Fabaceae), New World Polyommatina genera including Pseudolucia, Icaricia, Plebejus and Agriades displayed host-plant shifts to families of plants, which is a well-known driver of butterfly diversification (Nylin & Wahlberg, 2008; Fordyce, 2010; Nylin et al., 2014) . Larval association with ants (myrmecophily) is another factor that might increase diversification in Lycaenidae (Pellissier et al., 2012) . This may be important when comparing the diverse and generally myrmecophilous Polyommatina with the Everina (Cupido section in Fiedler, 1991; Benyamini, 1995) , but it is not particularly relevant in explaining the uniqueness of Elkalyce, because its larvae apparently display a low degree of myrmecophily, similar to that observed in the other Everina taxa.
CONCLUSIONS
We provide the first molecular assessment of the taxon Elkalyce cogina, a species of Polyommatini, endemic to Brazil and neighbouring Argentina, of unclear systematic placement and biogeographical history. Our results show that E. cogina belongs to the Everina subtribe, which agrees with one of the published hypotheses based on morphology. The supported position of E. cogina as sister to the other Everina taxa studied and the estimated divergence time of about 10 Ma are, however, unexpected. We observed the larvae of E. cogina feeding on Desmodium uncinatum (Fabaceae), which suggests that the common ancestor of both the sister subtribes Everina and Polyommatina fed on Fabaceae. A biogeographical history parallel to that of the Neotropical Polyommatina (AsiaBeringia-North America-South America) is proposed. The lack of diversification in Elkalyce is unique among lineages of New World colonists.
